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Abstract Empirical equations to determine the bearing 
strength have been proposed by many researchers and de¬ 
sign standards. Because these equations have been devel¬ 
oped mainly based on test results of softwood species, it is 
a matter of great importance (to ASEAN structural engi¬ 
neers) to verify the applicability of these equations for 
tropical hardwood species, which are commonly used in 
many ASEAN countries. In this study, wood specimens of 
Shorea obtusa (a tropical hardwood species) were used and 
the bearing test under full-hole configuration was carried 
out for five different loading angles to the grain. The bear¬ 
ing stress-embedment curve obtained from the test was 
approximated by a linear elastic-plastic diagram indicating 
the initial and final stiffness of the curve. Testing showed 
that the average bearing strength parallel to the grain was 
7.25% lower than the prediction given in Eurocode 5. The 
bearing strength perpendicular to the grain evaluated based 
on bearing load at initial cracking was substantially differ¬ 
ent from any predictions given by previous studies or design 
standards. It was also found that the bearing strength and 
initial stiffness from the bearing stress-embedment curve 
for loading at intermediate angles to the grain could be 
satisfactorily predicted with Hankinson’s formula. 
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Introduction 

Tropical hardwood species are, in most ASEAN (Associa¬ 
tion of Southeast Asian Nations) countries, usually used for 
many types of structures such as residential houses, histori¬ 
cal buildings, bridges, and other structures. The mechanical 
properties of tropical hardwood species are generally dif¬ 
ferent from those of softwood species. 1 ' 2 For instance, the 
specific gravity of tropical hardwood species is significantly 
higher than that of softwood species. Moreover, the grain 
orientation of tropical hardwood species is not as easy to 
determine visually as it is in softwood species. When the 
strength of a tropical timber connection is analyzed by using 
yield theory, 3 the bearing strength of the wood has to be 
known previously. Bearing strength can be easily evaluated 
from empirical equations given by previous studies or stan¬ 
dards. However, the calculated bearing strength might be 
questionable because the equations were developed mainly 
based on test data of softwood species. This study investi¬ 
gated the bearing properties of Shorea obtusa, which is one 
of most popular tropical hardwood species in ASEAN 
countries, and examined whether the equations proposed 
by previous researchers and standards well predict the test 
results. Finally, the findings of this study will allow the use 
of yield theory to be simplified and utilization of tropical 
hardwood species to become more efficient. 


Literature review 

Previous works regarding the bearing strength of wood con¬ 
cluded that the diameter of fasteners, specific gravity, and 
loading angle to the grain were significant parameters. 4-9 
Empirical equations to determine the bearing strength of 
timber were proposed based on the experimental data. 
However, because the bearing resistance is very sensitive to 
specimen dimensions and test configurations, trials to vali¬ 
date the equations are consequently required. Two types of 
test methods commonly used to evaluate the bearing 
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Fig. la-d. Several bearing test 
configurations, a Test configura¬ 
tion of Eurocode 5; b half-hole 
test of National Design and 
Specification (NDS); c Hirai’s 
test configuration; 8 and d full- 
hole test adopted in this study. 
Dimensions are given in 
millimeters, d. Bolt diameter; a, 
loading angle to the grain; 
LVDT , linear variable differen¬ 
tial transducer. Grain orienta¬ 
tion is indicated by 
double-ended half arrows 
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strength are the full-hole and half-hole tests. The lull-hole 
test proposed by Whale and Smith, 4 and accepted by Euro¬ 
code 5, 10 is illustrated in Fig. la. Equations 1 and 2 were 
proposed to determine the bearing strength for loading par¬ 
allel (F e// ) and perpendicular to the grain (/•’,,), respectively. 
In the equations, the bolt diameter ( d ) is expressed in mil¬ 
limeters and the oven-dry specific gravity of wood (G) is 
unitless. 


F e// = 82(l-0.01t/)G 

_82(l-0.01d)G 
0.9 + 0.015 d 


(N/mm 2 ) 

(N/mm 2 ) 


( 1 ) 

( 2 ) 


A series of tests under full-hole configuration was carried 
out by Ehlbeck and Werner 5 to determine the bearing 
strength of European softwood, and some European and 
Asian hardwood species. The species used and their aver¬ 
age specific gravities were: Picea abies, 0.422; Fagus sylvati- 
ca , 0.714; Quercus robur and Quercuspetraea, 0.733; Tectona 
grandis , 0.652; Intsia spp., 0.804; Afzelia spp., 0.714; Lophira 
alata, 1.074. They proposed Eq. 3 to determine the bearing 
strength for any loading angle to the grain (a) where k 90 was 
equal to 1.35 + 0.015rf for softwood species and equal to 
0.9 + 0.015(7 for hardwood species. 


, _ 82(1-0.01(7)G 

ea 77 i 2 2 \ 

(%,sin a + cos a) 


(N/mm 2 ) 


(3) 


The half-hole test as shown in Fig. lb was proposed by 
Soltis and Wilkinson, 6 and Wilkinson, 7 and it was adopted 
in the National design specification for timber construction 
(NDS). 11 From bearing test results of some commercial 
wood species (Douglas fir, southern pine, spruce-pine fir, 
Sitka spruce, red oak, yellow poplar, aspen; average specific 
gravity: 0.36-0.58), Eqs. 4 and 5 were suggested to estimate 
the bearing strength for the loading angle set parallel and 
perpendicular to the grain, respectively. When the wood 
specimen is not loaded in the directions parallel or perpen¬ 
dicular to the grain, Hankinson’s formula (Eq. 6) can be 
applied where m is a property-dependence constant. 


F ell = 77.25G 


F„, =212 G 1A5 d-° s 


F = 


(N/mm 2 ) 

(N/mm 2 ) 

Fel/F e ± 


F„sin m «+F cos'" a 


(N/mm 2 ) 


(4) 

(5) 

( 6 ) 


Hirai 8 proposed Eqs. 7 and 8 to determine the bearing 
strength required in approximation of bearing stress-em- 
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bedment curves for parallel and perpendicular loading 
angles to the grain, respectively. In Eq. 8, d h denotes the 
diameter of the bolt hole expressed in millimeters. Hirai’s 
empirical equations were based on test data of some wood 
species (spruce, hemlock, and Douglas fir) with specific 
gravity varying from 0.38 to 0.55 under the test configura¬ 
tion shown in Fig. lc. 

F e/I = 91.44G-11.16 (N/mm 2 ) (7) 

F e± = (25.04G + 1.35)(d*/10)~°' 4 (N/mm 2 ) (8) 

Hirai 9 also carried out bearing tests under several test con¬ 
figurations that were similar to those proposed by Whale 
and Smith, 4 Soltis and Wilkinson, 6 and Wilkinson. 7 Hirai 
found acceptable agreement among the test results only for 
loading parallel to the grain. 


Materials and methods 

Wood of Shorea obtusa and 12.4-mm-diameter bolts were 
used in this study. This wood has been commercially known 
by some popular names: balau or taeng among ASEAN 
countries. The specific gravity of this wood at 15% moisture 
content varies from 0.83 to 1.04. 12 Due to high density and 
high resistance to decay when fully exposed to the weather, 
this wood species has been widely used for many types of 
heavy engineering constructions such as framing, roofing, 
and decking systems. Wood specimens were purchased at a 
local lumber retailer and were kept inside the testing labo¬ 
ratory for a few weeks before testing. No specific seasoning 
process was applied to adjust the moisture content of the 
wood specimens. 

A double-shear bearing test shown in Fig. Id was con¬ 
ducted in compression at a constant displacement rate of 
1.2mm/min. The magnitude of compressive load was ac¬ 
quired by a 100-kN load cell, and embedment of the bolt 
into the wood was continuously measured by using two lin¬ 
ear variable differential transducers (LVDTs). The bearing 
displacement measurement shown in Fig. Id might also in¬ 
clude compressive deformation of the wood specimen. 
However, previous research has shown that the compres¬ 
sive deformation is negligible in comparison with the bear¬ 
ing embedment of fastener into wood specimen. 1314 During 
the test, the load-embedment curve was drawn based on 
the current data measurement, and wood splitting was ob¬ 
served visually. 

The loading angle to the grain varied in five angles: 0°, 
30°, 45°, 60°, and 90°. The bearing test of loading parallel 
or perpendicular to the grain consisted of six wood speci¬ 
mens, while only three wood specimens were prepared for 
the bearing test of each intermediate loading angle to the 
grain. A full-hole test configuration similar to Eurocode 5 
was conducted with a bolt-hole diameter of 13 mm and steel 
gusset plate of 4mm in thickness. Because the number of 
replicates of each loading angle to the grain was small, the 
wood specimens were cut from the same wood piece based 
on a matched samples technique as shown in Fig. 2. The 
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Fig. 2. Wood specimen fabrication 



Fig. 3. Experimental load-embedment curves of loading parallel and 
perpendicular to the grain 


dimensions of wood specimens used in this study were 
smaller than those of the Eurocode 5 as shown in Fig. Id, 
because of size restrictions of the wood pieces that we used. 
This ensured that all wood specimens of different loading 
angle to the grain could be fabricated from the same wood 
piece. The bearing strength was determined as the bearing 
load divided by the projected area of the bolt. Moisture 
content and specific gravity based on oven-dry weight and 
volume of specimens were measured by using small pieces 
cut from wood specimens used in the bearing tests. 


Results and discussion 

From 21 wood specimens, it was found that the moisture 
content of the specimens varied from 12.35% to 17.51% 
with an average of 14.17%. The specific gravity obtained 
from the same wood specimens ranged from 0.82 to 0.90 
with an average value of 0.86. The average value of oven- 
dry specific gravity was used to estimate the bearing strength 
in directions both parallel and perpendicular to the grain. 
The typical load-embedment curves of loading parallel and 
perpendicular to the grain obtained from the experiment 
are shown in Fig. 3. Wood specimens loaded parallel to the 
grain failed after reaching their maximum load, so that the 
load used for bearing strength evaluation was always the 
highest applied load. For the specimens loaded perpendicu¬ 
lar to the grain, the failure mechanism was completely dif- 
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Table 1. Estimated and experimental bearing strength 



NDS“' b 
(Eq. 4 or 5) 

Eurocode 5“'“ 

(Eq. 1 or 2) 

Hirai 81 * 

(Eq. 7 or 8) 

Experiment 8 




Average 

Range 

SD 




F dl (N/mm 2 ) 

F eL (N/mm 2 ) 

66.44 

61.78 

67.48 

57.30 

55.65-60.25 

1.67 

48.38 

56.88 

20.60 

34.37 

31.53-37.22 

2.39 


NDS, National design specification for timber construction; F dh bearing strength parallel to the grain; F e±1 bearing strength perpendicular to the 
grain; SD, standard deviation 

“Evaluated based on the average value of oven-dry specific gravity 

b From American Society of Civil Engineers 11 

“From European Committee for Standardization 10 

d From Hirai 8 

“Based on six replicates 


ferent; no definite maximum load was observed within the 
embedment range shown by Fig. 3. After crack initiation, 
indicated by a small load decrease in the load-embedment 
curve, the applied load increased successively. Bearing load 
after crack initiation must not be expected for practical use 
because it will clearly depend on the testing condition. The 
bearing strength perpendicular to the grain of this study, 
therefore, was evaluated based on the bearing load at initial 
cracking. Visual observation of the initial crack was not 
possible because the susceptible area of the wood was cov¬ 
ered by the steel gusset plate. Estimated and experimental 
bearing strength for loading parallel and perpendicular to 
the grain are summarized in Table 1. 

Bearing strength estimated by empirical equations and 
obtained from the experiment are presented in Fig. 4. Al¬ 
though these three empirical equations were derived from 
test results of different wood species, specimen dimensions, 
and test configurations, their bearing strength parallel to the 
grain were closer to each other than those for loading per¬ 
pendicular to the grain. Figure 4a shows that the estimated 
bearing strength given by NDS was higher than that given 
by Eurocode 5 or the experimental results. This discrepancy 
corresponded to the difference of test methods. In the half¬ 
hole test method as used in NDS, the bolt was uniformly 
loaded along its length, producing a uniform stress distribu¬ 
tion through the projected bearing area. Meanwhile, in the 
full-hole test as adopted in Eurocode 5 and this study, the 
load was applied only at both ends of a bolt, so that uneven 
application of load at both ends might incline the bolt axis 
or induce some bending in the boll. In the full-hole test, 
therefore, the effective bearing area might be reduced. Av¬ 
erage bearing strength as presented in Table 1 differs slight¬ 
ly from the estimation given by Eurocode 5, but deviates 
substantially from predictions given by NDS or Hirai. 8 This 
finding was supported by the fact that only Eurocode 5 
considered a very wide range of specific gravity in the ex¬ 
periment, including the specific gravity that was close to the 
specific gravity of wood specimens used in this study. Table 
1 indicates that experimental bearing strength was 7.25% 
lower than the bearing strength of Eurocode 5. For practical 
use, therefore, some modifications or restrictions are 
probably required when the empirical equation given by 
Eurocode 5 is used. 

Experimental and estimated bearing strengths for load¬ 
ing perpendicular to the grain are shown in Fig. 4b. Besides 



Fig. 4a, b. Comparison of experimental and estimated bearing strength 
for a parallel loading to the grain, and b perpendicular loading to the 
grain 

the experimental bearing strength at initial cracking, bear¬ 
ing strength at fastener embedment of 5 mm was evaluated 
and compared with the bearing strength estimated by Eu¬ 
rocode 5. Bearing strength at fastener embedment of 5 mm 
has been introduced by Eurocode 5 in the case when a deli- 
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nite maximum bearing load is not observed for fastener 
embedment of up to 5 mm. The bearing strength at fastener 
embedment of 5 mm obtained from the test ranged from 
42.39 to 49.28N/mm 2 with an average value of 45.84N/mm 2 . 
Figure 4b shows that this experimental bearing strength was 
lower than the bearing strength of Eurocode 5. This differ¬ 
ence was probably caused by the smaller wood specimens 
used in this study. A wood specimen under loading perpen¬ 
dicular to the grain could be assumed as a beam with a 
concentrated load and being supported along its horizontal 
margin. As the bolt penetrates the wood specimen, the 
tensile stress perpendicular to the grain develops along the 
horizontal margin of the wood specimen with an intensity 
that depends on the end boundary conditions. The intensity 
of this stress is very high at the edge of the bolt hole and 
goes to a minimum at the free end. In the wood specimens 
of Eurocode 5, the intensity of tensile stress perpendicular 
to grain at the free end should be small or negligible be¬ 
cause the horizontal margin of the wood specimen is long. 
On the other hand, the intensity of tensile stress at the free 
end in wood specimens with short horizontal margins used 
in this study was comparatively higher so that the cracks 
initiated at the bolt hole propagated more easily to the free 
end and reduced the maximum bearing load. Fracture 
analysis has proven that the maximum compressive load 
increased with increasing horizontal margin of wood 
specimen. 15 

Test results presented in Fig. 4b indicate that the experi¬ 
mental bearing strength obtained through the 5% offset 
method was lower than the bearing strength given by NDS, 
although the horizontal margins of the wood specimens and 
NDS were similar. The bearing strength evaluated using the 
5% offset method varied from 28.01 to 33.66N/mm 2 with an 
average value of 30.44 N/mm 2 . In the half-hole test configu¬ 
ration as used by NDS, the bolt hole was separated to two 
half holes before testing so that the crack never initiated at 
the edge of the bolt hole. Crack initiation directly beneath 
the bolt as generally observed in the half-hole test method 2 
required higher load magnitude than when crack initiation 
occurred at the edge of the bolt hole. This ensures the bear¬ 
ing load that can be supported by a half-hole specimen is 
higher than that of a full-hole specimen when the horizontal 
margins of the specimens are equal. For practical use, bear¬ 
ing strength evaluation of tropical hardwood species based 
on initial cracking is more appropriate than that based on 
5% offset or fastener embedment at 5 mm, because most 
hardwood species show significant load drop or sudden fail¬ 
ure at crack initiation. 16 Because experimental bearing 
strength perpendicular to the grain at initial cracking could 
not be properly estimated by any empirical equations of the 
previous studies or design standards, further investigation 
seems to be required so that an empirical equation can be 
proposed. 

Hirai’s bearing strength for loading perpendicular to the 
grain, 8 computed by Eq. 8, was the lowest among the results 
or the evaluations considered here. Hirai’s test configura¬ 
tion (see Fig. lc) was an example of a tension-type bearing 
test, while the test configurations of Eurocode 5 and NDS 
were compression-type bearing tests. 9 In the compression- 


type bearing tests, the wood specimens could bear addi¬ 
tional load after crack initiation because propagation of 
cracks to the ends of the wood specimens were restrained 
by compressive reaction forces. In wood specimens in the 
tension-type test, on the other hand, cracks initiated at the 
vicinities of bolt hole propagated easily to the free ends of 
the wood specimens. The bearing strength detected by the 
tension-type tests, therefore, describes the cleavage strength, 
which is naturally lower than the bearing strength defined 
by the European yield model. This finding showed that the 
bearing strength for the loading direction perpendicular to 
the grain was more sensitive to the difference of specimen 
dimensions and test configurations than the bearing strength 
for loading parallel to the grain. 

Because a relatively small number of replicates were 
tested, only definite trends and the average values are 
discussed. The bearing strength of wood specimens was 
significantly affected by loading angle to the grain. It de¬ 
creased as the loading angle to the grain changed from 
parallel to perpendicular and could be approximated by 
Hankinson’s formula with the property dependence con¬ 
stant m set to 2.0, as shown in Fig. 5. The same value of 
constant m was also introduced by NDS to evaluate the 
bearing strength for intermediate loading angle to the grain. 
The empirical equation proposed by Ehlbeck and Werner 5 
(Eq. 3) seemed to be less sensitive for different loading 
angles to the grain. 

A typical bearing stress-embedment curve obtained 
from this experiment was approximated by a linear elastic- 
plastic diagram confirming the assumption of yield theory. 
Besides the ultimate bearing stress, some important bearing 
stress points such as the proportional limit, the 5% offset, 
and the yield stress were investigated to provide a sufficient 
description of the experimental bearing stress-embedment 
curve. These stress points are defined according to Fig. 6. 
The stress ratio with respect to the ultimate bearing stress 
of these points was high when the angles of loading to the 
grain were 0°, 30°, and 45°, and it was small for other load¬ 
ing angles to the grain. The dispersion of this stress ratio 



Fig. 5. Effect of loading angle to the grain on bearing strength 
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Fig. 6. Typical bearing stress-embedment curve and parameter defini¬ 
tions. k 0 . Initial stiffness; k t , final stiffness 



Fig. 7. Effect of loading angle to the grain on the initial stiffness ( k 0 ) 


was about 10%-20%. The average bearing stresses at the 
5% offset point, yield point, and at the proportional limit 
were found to be 0.87, 0.75, and 0.59 times the ultimate 
bearing strength, respectively. 

The initial stiffness 17 of the bearing stress-embedment 
curve ( k a ) was also an important mechanical property be¬ 
sides bearing strength because many researchers have iden¬ 
tified it with other names: bearing constant 18 or foundation 
modulus. 1920 This mechanical property, in particular, is re¬ 
quired for load-slip relationship analysis of bolted joints 
using beam on elastic foundation theory. A similar situation 
to that of bearing strength was observed; the experimental 
bearing stress-embedment curves indicated that the initial 
stiffness decreased as the loading angle changed from paral¬ 
lel to perpendicular to the grain (see Fig. 7). Curve fitting 
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Fig. 8. Effect of loading angle to the grain on the final stiffness (k f ) 


Table 2. Stiffness of bearing stress-embedment curve 


a (degrees) 

k 0 (N/mmj 

k t (N/mmj 

kftk „ 

0“ 

72.8 ± 7.1 

5.0 ± 0.5 

0.07 

30 b 

(60.9-81.4) 

46.0 ±11.5 

(4.5-5.8) 

6.1 ± 0.2 

(0.06-0.07) 

0.14 

45 b 

(38.0-59.2) 

43.0 ± 2.9 

(5.9-6.3) 

5.8 ± 0.6 

(0.11-0.16) 

0.14 

60 b 

(40.4-46.1) 

34.6 ± 5.5 

(5.1-6.3) 

5.4 ± 0.4 

(0.11-0.16) 

0.16 

90“ 

(31.0-42.6) 

26.2 ± 3.4 

(5.1-5.9) 

5.7 ± 0.5 

(0.13-0.19) 

0.22 


(21.8-31.9) 

(5.1-6.4) 

(0.19-0.27) 


a, Loading angle to the grain; k 0 , initial stiffness; k h final stiffness 
Data given as mean standard deviation with range shown in 
parentheses 

“Based on six replicates 
b Based on three replicates 


using Flankinson’s formula gave the least-square error 
when the value of m was equal to 2.0. In contrast to the 
initial stiffness, the final stiffness (k f ) of the bearing stress- 
embedment curve seemed to be negatively affected by the 
loading angle to the grain. Besides the initial stiffness, the 
final stiffness of the bearing stress-embedment curve is also 
required for inelastic design of dowel-type joints. From the 
test results, it was found that the mean final stiffness of any 
loading angle to the grain can be conservatively replaced by 
the average value between the values of final stiffness for 
loading parallel and perpendicular to the grain, as shown in 
Fig. 8. 

Table 2 shows that the ratio of the final stiffness to initial 
stiffness was the highest when loading angle was perpen¬ 
dicular to the grain. On the other hand, this ratio was very 
low for loading angles parallel to the grain. The higher final 
stiffness arose from the fact that wood fibers compressed 
and bent as layered beams beneath the bolt were still ca¬ 
pable of carrying additional load even after initial splitting 
had taken place. This condition is well observed when the 
wood member is loaded perpendicular to the grain in com¬ 
pression-type bearing configurations. 9 In the case of loading 
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Table 3. Fastener embedment (s) 

a (degrees) 

s y (mm) 

■W (mm) 

■W / ^ 

0“ 

0.52 ± 0.55 

2.74 ± 0.63 

5.40 


(0.47-0.57) 

(2.12-3.37) 

(3.72-7.17) 

30 b 

0.77 ± 0.18 

2.28 ± 0.22 

3.03 


(0.56-0.88) 

(2.03-2.44) 

(2.70-3.63) 

45 b 

0.70 ± 0.03 

2.46 ± 0.07 

3.59 


(0.67-0.74) 

(2.39-2.53) 

(3.23-3.66) 

60 b 

0.67 ± 0.16 

2.91 ±0.14 

4.59 


(0.49-0.81) 

(2.74-2.99) 

(3.38-6.10) 

90“ 

0.97 ± 0.01 

2.72 ± 0.33 

2.82 


(0.96-0.97) 

(2.39-3.05) 

(2.49-3.14) 


.s y , Fastener embedment at yield point; s max , fastener embedment at 
maximum load 

Data given as mean standard deviation with range shown in 
parentheses 

“Based on six replicates 
b Based on three replicate 

parallel to the grain, buckling of wood fibers beneath the 
bolt results in lower strain-hardening rate. Fastener embed¬ 
ment presented in Table 3 shows the wood specimen loaded 
parallel to the grain had higher s max / s y (ratio between em¬ 
bedment at maximum and “yield” bearing stress) than the 
other specimens. For the case of loading parallel to the 
grain, cracks propagated in a stable fashion up to final rup¬ 
ture, resulting in higher fastener embedment beyond the 
yield point. More specimens are required to support this 
finding. 


Conclusions 

A study on the bearing properties of Shoreci obtusa under 
a double-shear test configuration is reported. The average 
bearing strengths parallel and perpendicular to the grain 
were found to be 57.30 and 34.37 N/mm 2 , respectively. Ex¬ 
perimental bearing strength parallel to the grain was 7.25% 
lower than estimation given by Eurocode 5. Bearing strength 
perpendicular to the grain at initial cracking could not be 
properly estimated by any of the empirical equations of 
previous studies or design standards. Therefore, further in¬ 
vestigation seems to be required so that an empirical equa¬ 
tion can be proposed. The ultimate bearing strength and 
initial stiffness decreased as the loading angle changed from 
parallel to perpendicular to the grain and could be approxi¬ 
mated by Flankinson’s formula with the property depen¬ 
dence constant ( m ) set to 2.0. The final stiffness seemed to 
be unaffected by the angle of loading to the grain and its 
mean value for any loading angle to the grain could be re¬ 
placed by the average value between the values of final 
stiffness for loading parallel and perpendicular to grain. 
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